We have analyzed the possibility that chemical signaling does not entirely account for the effect of water deficit on the maize (Zea mays 1.) leaf elongation rate (LER) under high evaporative demand. We followed time courses of LER (0.2-h interval) and spatial distribution of elongation rate i n leaves of either water-deficient or abscisic acid (ABA)-fed plants subjected to varying transpiration rates in the field, in the greenhouse, and in the growth chamber. At low transpiration rates the effect of the soil water status on LER was related to the concentration of ABA in the xylem sap and could be mimicked by feeding artificial ABA. Transpiring plants experienced a further reduction in LER, directly linked to the transpiration rate or leaf water status. Leaf zones located at more than 20 mm from the ligule stopped expanding during the day and renewed expansion during the night. Neither ABA concentration in the xylem sap, which did not appreciably vary during the day, nor ABA flux into shoots could account for the effect of evaporative demand. In particular, maximum LER was observed simultaneously with a minimum ABA flux in the droughted plants, but with a maximum ABA flux in ABA-fed plants. All data were interpreted as the superposition of two additive effects: the first involved ABA signaling and was observed during the night and i n ABA-fed plants, and the second involved the transpiration rate and was observed even i n wellwatered plants. We suggest that a hydraulic signal is the most likely candidate for this second effect.
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Response of LER to water deficit has most often been analyzed by considering the behavior of plants subjected to both low soil water potential and low evaporative demand. In this case, at least a large part of the control of LER is linked to a message originating from roots and traveling to shoots. This was demonstrated using experimental designs where I)l was maintained high and constant by pressurizing (Passioura and Gardner, 1990) or splitting (Gowing et al., 1990 ) the root system while soil water was progressively depleted. ABA could play a major role in this message (Saab et al., 1992 ; for review, see Munns and Sharp [1993] ; Dodd and Davies 1996) , and has recently been shown to induce mRNA populations in intact plants (Griffiths and Bray, 1996) , with some of them being associated ' This work was supported by an Institut National de Ia Recherche Agronomique grant (AIP valorisation et protection des ressources en eau). * Corresponding author; e-mail tardieu@ensam.inra.fr; fax 33-4-67-52-21-16.
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with inhibition of the elongation of maize mesocotyl at low soil water potential (Saab et al., 1995) . However, a11 of the above-mentioned experiments were carried out with a nu11 or low evaporative demand compared with those observed in the field. As pointed out by Kramer (1988) , such situations with low soil water potential and artificially high $, might maximize the role of integrated control involving root-to-shoot messages, and minimize local control involving leaf water status or water flux.
Recently, we have shown (Ben Haj Salah and Tardieu, 1996) that increased evaporative demand can reduce maize (Zea mays L.) LER, even when plants are well irrigated and in the absence of appreciable [ABA],,,. Evaporative demand sensed by growing leaves, as estimated by meristemto-air VPD, markedly affected LER at a11 time scales under study in the range from 1 to 4 kPa, with a unique relationship in the growth chamber (constant or step conditions) and in the field (fluctuating conditions). This raised the possibility that part of the effect of the soil water deficit could involve a signal linked to transpiration rate or leaf water status.
The analysis reported here aimed to examine whether an effect linked to the transpiration rate could be superimposed onto the effects of xylem-borne chemical messages. We tested this possibility by comparing the effects of soil water deficit during the night (increased [ABA],,,, high i)], and minimum transpiration rate) and during the day (possible additional effect of transpiration or of low I),), and by comparing both effects with that of ABA feeding (increased [ABA],,,, high I)l, and low transpiration rate). Experiments were carried out in the field and in the greenhouse, with high evaporative demand and fluctuating conditions, and in the growth chamber in constant conditions, but with a lower evaporative demand. Temperature is the main variable affecting LER in fluctuating natural conditions (Watts, 1972; Gallagher and Biscoe, 1979; Kemp and Blacklow, 1980) . We have shown recently (Ben Haj Salah and Tardieu, 1995) 114, 1997 range from 10 to 30"C, with common relationships for constant (growth chamber) or fluctuating (field) temperatures. In particular, changes in LER with PPFD were accounted for by meristem heating provided that evaporative demand was maintained at low values. This allowed us to compare the actual LER, measured under current evaporative demand and soil water status, with the LER that would be observed at the same T , but with low evaporative demand and without water deficit (LER,,,, determined from the regression with temperature at low VPD and high soil water potential).
MATERIALS AND METHODS

Greenhouse Experiment
Maize (Zea mays L., F1 cv DEA) plants were grown in a greenhouse at Montpellier (southern France) in June and July, 1994, and July, 1995. Seeds were placed at 25 mm in depth in columns (0.1 m in diameter and 0.5 m in height) containing a 1:l mixture (v/v) of a loamy soil and an organic compost. In each experiment 100 seeds were sown (2 plants per column), and the soil was maintained at water-retention capacity with a modified one-tenthstrength Hoagland solution corrected with minor nutrients. Irrigation scheduling was controlled by balances carrying two columns each, which automatically triggered watering of a11 columns of a treatment, when the cumulated transpiration since the last watering exceeded one-tenth of the soil water reserve. When leaf 5 emerged, the watering rate of one-half of the columns was reduced such that the soil water content stabilized at a lower value corresponding to a predawn 1/ 11 of either -0.3 or -0.5 MPa. The other half continued to be fully irrigated for 4 to 6 d. Columns were individually weighed every day and irrigation was corrected to obtain the desired soil water content. In the July, 1995, experiment water was completely withheld at 0O:OO h on the 1st d of measurements. An additional batch of plants was watered with a nutrient solution containing artificial ABA (2 cis trans ABA, Sigma) with a concentration of 5.1OP4 pmol m-' (+) ABA. The amount of ABA supplied to the plants was calculated such that [ABA],,, would be similar in water-deficient and ABA-fed plants (as determined in preliminary experiments).
Measurements of LER began when leaf 6 emerged above the enclosing sheath, using LVDTs (model L100, Chauvin Arnoux, Paris, France) attached to the tip of three leaves per treatment and connected to a data logger (CRlO, Campbell Scientific, Shepshed, UK). Measurements continued until the onset of rapid sheath elongation, i.e. one phyllocron before cessation of leaf elongation. We checked by dissection that no appreciable sheath elongation occurred during this period, so LVDT readings corresponded to blade elongation. We also checked (Ben Haj Salah and Tardieu, 1995) that LER is constant during this period, if environmental conditions do not vary, and that the weight of the LVDTs did not appreciably affect LER. Air temperature and RH were measured every 20 s (HMP35A, Vaisala Oy, Helsinki, Finland), together with PPFD (LI-l90SB, LiCor, Lincoln, Nebraska). The temperature of the meristematic zone was measured with a fine copper-constantan thermocouple (0.4 mm in diameter) inserted into the meristem at 20 mm from the scutellar node. Leaf temperature was measured with a thermocouple placed in contact with the lower surface of the leaf. Data of LER, temperature, PPFD, and RH were averaged and stored every 600 s in a datalogger. Water flux through four plants per treatment was calculated by continuously weighing the columns and recording water loss every 600 s. Care was taken to avoid direct evaporation from the soil by spreading perlite on the top of the columns. Water loss was corrected for watering and drainage when necessary. Water flux was then calculated for each column by dividing water loss by individual leaf area, which was measured every day (on average 0.02 m2 per plant).
1/ 11 and [ABA],,, were measured before dawn, at noon, and at intermediate times of the day. At least four (5th or 6th) leaves were excised and placed in a pressure chamber for measurement of +, . The amount of 80 mm3 of sap was then collected with a pressure of approximately 0.5 MPa above the balancing pressure. The sap was stored at -80°C until ABA analysis by radioimmunoassay (Quarrie et al., 1988) . JABA into shoots was calculated as the product of water flux by current [ABA],,,. The validity.of radioimmunoassay measurements of ABA in crude xylem sap of maize was checked by comparing measurements on the unpurified sap with those on sap fractions recovered either from TLC (10 zones collected) or from HPLC (20 1-mL fractions collected, evaporated to dryness, and redissolved in water before analysis ). with both methods, ABA was only detected in the fractions in which standard tritiated ABA was revealed, so crude sap was considered to be free of immunoreactive contaminants. Dilution/ spike recovery tests on the crude sap resulted in parallel spike lines, indicating a negligible percentage of interfering compounds.
Growth-Chamber Experiments
A series of growth-chamber experiments was carried out in July, 1994. Three irrigated columns and three droughted columns, with plants chosen for uniformity of leaf length, were transferred from the greenhouse to a growth chamber (E15, Conviron, Winnipeg, Manitoba, Canada) when the length of the 6th leaf (from soil leve1 to leaf tip) reached 350 mm on average. Each batch of plants was subjected to sequences of varying PPFD and leaf-to-air VPD, as described in "Results." Measurements of environmental characteristics, T, ,
[ABA],,,, and LER were performed with the same methods as in the greenhouse experiment.
Field Experiments
Maize seeds were sown in a field of deep, loamy soil near Montpellier (southern France) on both June 10 and July 10, 1994. A part of the field was watered at 3-d intervals, such that the soil water potential never declined below -0.02 MPa, and a part was left unwatered. Air and leaf meristematic zone temperatures, RH and PPFD, were continuously measured in the same way as in the greenhouse experiments. Measurements of LER were carried out for 5 d (July 8 and 9, and August 11, 12, and 13, 1994) when the length of leaf 6 (from soil level to leaf tip) reached 350 mm on average. The $, and [ABA],,, were measured before dawn, at noon, and at intermediate times of the day in the same way as in the greenhouse experiment.
Reduction in LER and Spatial Distribution of SER
LER data of a11 of the experiments were analyzed by considering the difference between the actual LER measured in the conditions under study and the LER that would have been observed at the same temperature in the absence of water deficit and at low evaporative demand. The latter (LER,,,) was deduced from the regression line fitted from the relationship between T, and LER, which applied for well-watered plants grown either in the growth chamber with a low V P D or in the field during the night (Ben Haj Salah and Tardieu 1995, 1996) .
The leaf elongation zone was marked with 40 needle holes (0.2 mm in diameter) following the method presented in Ben Haj Salah and Tardieu (1995) . The displacement of marks was followed during 6-h periods, with approximately constant T , and LER, from 10 AM to 4 PM (day) and 10 PM to 4 AM (night). Elongation of segments between two neighboring holes was obtained by subtracting initial from final distances between holes. The initial distance was estimated by measuring with image analysis (BioscanOptimas V 4.10, Edmonds, WA) the distance between the corresponding neighboring holes on the sheath of the 2nd (nongrowing) leaf. The 6th leaves were then freed from enclosing leaves, and final positions of the needle marks and of the ligule were recorded with the image analyzer. The SER of the ith segment (SER, h-I) was calculated as:
where AL,,, and AL i,f (mm) are the initial and final distances between holes i and i+l, LER,,,, (millimeters per hour) is the mean elongation rate of the noninjured plants measured with the LVDT, and LER,,, (millimeters per hour) is the sum of elongation of all leaf segments of pierced plants, divided by the duration of the experiment (At, 6 h). The ratio LER,,,,/LER,,, corrects SERs for the effect of piercing injury. This analysis was carried out on at least 10 and 5 plants in the field and in the greenhouse, respectively .
RESULTS
The LERs of field-grown plants are presented for 2 d with high PPFDs, air temperatures, and air VPDs (Fig. 1) . $, decreased throughout the day and was lower in waterdeficient than in well-watered plants. [ABA] ,,, remained nearly constant during the day and was increased by 8 and 17 pmol m-" by water deficit on d 1 and 2, respectively. Because of slight stomatal closure (not shown), meristems were warmer in water-deficient plants ( + 3 and +8"C at noon on d 1 and 2), thereby increasing leaf-to-air V P D and meristem-to-air VPD. In watered plants LER was higher during the day than during the night, roughly following changes in the T, . The LER of droughted plants decreased sharply with the time of the day, whereas the nighttime LER was unaffected by water deficit on d 1 and slightly (but significantly) affected on d 2. Therefore, reductions in LER with water deficit differed during the day and night without an apparent connection with the time course of Spatial distributions of SER are presented in Figure 2 for day and night periods. In watered plants the elongating zone was 60 mm long during both'day and night, with a higher maximum SER during the day because of higher temperatures (Ben Haj Salah and Tardieu, 1995) . During the night the SER was virtually unaffected by a mild water deficit (predawn = -0.3 MPa, [ABA],,, = 25 pmol m-"), and was only affected at distances greater than 15 mm from the ligule by a medium deficit (predawn $, = -0.35 MPa, [ABA],,, = 38 pmol m-"). In contrast, daytime SER was clearly reduced by both deficits. A mild deficit reduced the SER to near-zero values at distances greater than 40 mm from the ligule, whereas a medium deficit virtually stopped expansion in the entire zone. In the latter case, proximal zones near the ligule (0-15 mm) stopped growing during the day, but resumed growth during the night. The time for a cell to cross this 15-mm zone is 16 h in control plants at the temperature under study (Ben Haj Salah and Tardieu, 1995) , and was still longer in droughted plants IABAI,,,. because of a low SER. The cells that expanded at a nearcontrol rate during the night were therefore the same as those that stopped expanding during the day. Time courses of events were consistent in the three greenhouse experiments, and are presented in Figure 3 for a 4-d experiment (July, 1995) with PPFD and evaporative demands slightly lower than in the field. Water flux through well-watered plants was similar among days, whereas [ABA],,, and JABA remained very low. Control LERs were faster during the day than during the night, following changes in temperature, with smaller day-night alternations in both temperature and LER than in the field.
In plants subjected to a water deficit [ABA],,, steadily increased as the soil dried, without appreciable day-night alternations. It reached higher values than in the field, consistent with lower predawn Water flux through plants decreased from d 1 to 3, but remained appreciable in spite of partia1 stomatal closure. This was due to high leaf-to-air VPD caused by leaf heating following stomatal closure (e.g. increase in leaf-to-air V P D by 2 kPa compared with control plants on d 3). +, fluctuated with evaporative demand, with a predawn value that decreased as the soil dried. Daytime LER decreased sharply, reaching O on d 2 and 3, whereas the nighttime LER decreased more slowly. At 2 PM on d 4, droughted plants were rewatered, so $,, meristem-to-air VPD, and [ABA],,, returned to values observed in the control plants. LER returned to control values less than 1 h after rewatering.
In plants fed with ABA, [ABA],,, paralleled that of water-deficient plants but with lower values. Water flux decreased on d 1 to 3, but remained appreciable for the same reason as in the droughted plants. JABA was similar in droughted and ABA-fed plants. Day-night alternations in +, were less pronounced as water flux decreased, so noon +, of ABA-fed plants were higher than those of the control and of droughted plants. The time course of LER followed that of the control plants with higher daytime than nighttime values, but with an increasing difference with the control LER as [ABA],,, increased. Differences between droughted and ABA-fed plants were relatively small during the night, but considerably increased during the day in spite of similar [ABA],,,. In contrast to droughted plants, where minimum LER were observed when JABA was maximum as expected, if JABA had a controlling action per se, maximum LER were observed in ABA-fed plants at times of the day when JABA was maximum.
The spatial distribution of SER of the control plants (Fig.  4) in the greenhouse experiment was similar to that in the field experiment, but with higher intervals of confidence due to a lower number of repetitions. ABA feeding affected SER distributions in a similar way during the day and night, without a significant change in either the maximum SER or the length of the elongating zone. In contrast, both parameters were more affected in water-deficient plants during the day than during the night. As in the field Distance from liguie (mm) experiment, zones at more than 20 mm from the ligule almost stopped growing during the day in plants with a severe deficit, and resumed growth during the night. Reductions in SER were similar in droughted and ABA-fed plants during both nights 1 and 3, whereas they clearly diverged during the day. In the growth chamber (Fig. 5 ) a step change in evaporative demand was given at 9 AM by simultaneously increasing the PPFD and VPD, while the air temperature was decreased to keep the T, constant in spite of an energy gain due to light radiation. T, remained constant in control plants, whereas it was increased by 1°C in droughted plants because of partia1 stomatal closure.
Meristem-to-air and leaf-to-air VPDs were therefore increased in both treatments without a change in T, , and caused a sharp decrease in +, . In the control plants LER decreased rapidly and partially recovered in 2 h. A 4-h plateau was then observed with a lower LER than those observed during the dark period, although [ABA] ,,, did not appreciably vary (5-10 pmol mP3). Recovery was slower in the droughted plants, and the difference between the droughted and control plants was larger in the presence of transpiration than during the night. At 7 PM V P D was increased to 2.5 kPa, causing a further reduction in LER in both the control and droughted plants, without recovery for 4 h. At 2 AM evaporative demand was minimized by turning lights off and decreasing VPD, and LER rapidly increased in both treatments. It returned in less than 1 h to its initial value in the control plants, consistent with the fact that [ABA],,, remained at low values (40 pmol mP3). LER also recovered in water-deficient plants, but reached lower values than initial LERs, consistent with changes in [ABA] ,,, between the beginning and the end of the experiment. This experiment, therefore, suggests that both [ABA],,, and evaporative demand (or leaf water status) could affect LER.
Results of the experiments described above and of other similar experiments (see "Materials and Methods") are summarized in Figure 6 . The reduction in LER in relation to (Fig. 6A, y2 = 0.90) and was common for endogenous (greenhouse and growth chamber) and exogenous ABA. In contrast, feeding had less of an effect than water deficit at a given [ABAIxy, when plants were transpiring (Fig. 6B) . Differences in the response curves to [ABA],,, cannot be interpreted simply as an increased sensitivity to ABA associated with low +, . A reduction in daytime LER was observed even at near-zero ABA concentrations (y-intercept of relationships), suggesting that evaporative demand could cause a reduction in LER in wellwatered plants in the absence of appreciable ABA concentrations. Apparent sensitivity of LER to [ABA],,, was maximum in the range from O to 100 pmol mP3 in both ABA-fed plants, in which this range corresponded to the lowest $,, and in water-deficient plants, in which it corresponded to the highest $,.
DI SC U SSI ON
Our results suggest that two distinct effects may account for the consequences of water deficit on LER. The first effect was observed when evaporative demand was low. It was probably linked to ABA, since it could be mimicked by ABA feeding. During the night, i.e. at very low evaporative demands, we observed a common relationship between [ABA],,, and the reduction in LER for both endogenous and exogenous ABA. This relationship is similar to that reported by Zhang and Davies (1990) in maize leaves, and is consistent with the effect of ABA analyzed by Saab et al. (1992 Saab et al. ( , 1995 and by Dodd and Davies (1996) . During the night the spatial distribution of SER was affected in a similar fashion by water deficit and ABA feeding in plants having similar [ABA] ,,,, with a reduction in SER that increased with the distance to the ligule. This first effect accounted for a large part of the reduction in daytime LER
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Time of day of ABA-fed plants, which maintained a low transpiration rate and a high +, throughout the day. As a consequence, daytime LER of ABA-fed plants paralleled that of the control plants, whereas much larger reductions in LER were observed in the droughted plants.
The second effect involved evaporative demand or leaf water status. It was only observed during the day, had a time course that markedly differed from that of [ABA],,,, and could not be mimicked by ABA feeding. This effect was observed even in the absence of water deficit and of appreciable [ABA] ,,, in a11 of our experiments. Conversely, it was almost suppressed when transpiration was reduced by ABA feeding. We have shown previously (Ben Haj Salah and Tardieu, 1996) that this effect of evaporative demand can be observed regardless of the studied time scale (from 15 min to 10 h), and that it is quantitatively the same in the growth chamber, in the field, and in the greenhouse. It is not linked to a direct effect of PPFD, provided that indirect effects of light on T, and on evaporative demand are taken into account.
Both effects could be rapidly reversed. Rewatering plants during the night (greenhouse) and suppression of evaporative demand (growth chamber) restored LER to control values in less than 1 h. Droughted plants subjected to changes in V P D (growth chamber) reacted more slowly, presumably because changes in VPD had a slower effect on transpiration rate in plants with partially closed stomata. Spatial analyses of SER suggest that day-night fluctuations in LER probably reflected a fluctuating expansion of individual cells, which stopped growing during the day and renewed growth during the night.
The first possibility to account for the effect of evaporative demand could be linked to an increased ]ABA into the leaves when the transpiration rate increases, thereby raising the concentration of ABA in leaf tissues (e.g. Trejo et al., 1995) . Dodd and Davies (1996) have recently shown that in some cases the concentration of ABA in leaf bases correlated better with LER than did [ABA],,,, and analyses of Saab et al. (1992 Saab et al. ( , 1995 first effect of rewatering should be a flush of ABA into the leaf, followed by a reduction in concentration with a halftime in the order of half an hour (Gowing et al., 1993 , Jia et al., 1996 . Another possibility could involve a second chemical message originating from roots that is transferred with the xylem sap and contributes to growth inhibition. Munns (1992) detected an unknown inhibitor of leaf elongation and a transpiration inhibitor with a high molecular weight (Munns et al., 1993) in the sap of wheat and barley plants. The latter inhibitor is synthesized when sap is stored at -2O"C, and has also been detected in maize by Sinclair et al. (1995) . However, it is not certain that these molecules act as an in vivo message. Furthermore, if a second chemical message from roots were to account for non-ABA signaling, it would only have an effect during the day in our experiments, whereas [ABA],,, would account for the effect of water deficit during the night. Therefore, we consider it unlikely that the second effect that we identified could be linked to a message originating from the roots.
Two arguments make it likely that this second effect is linked to local events in leaves and related to their water status. First, the effect exists in the absence of water deficit, when roots are in contact with wet soil watered severa1 times per day. We have calculated that root water potential probably remained at high values, even with high transpiration rates (Ben Haj Salah and Tardieu, 1996) . Second, two ways of reducing transpiration, decreasing V P D and feeding ABA, both nearly suppressed the specific daytime effect of water deficit. We therefore suggest that the daytime effect was linked to evaporative demand, either via leaf water status or another hydraulic signal. This could be linked to a reduction in turgor when evaporative demand increases (Frensch and Schulze, 1988; Pardossi et al., 1994) , to cell wall stiffening due to a hydraulic message (Chazen and Neumann, 1994) , or to local signaling that is linked to leaf water status, for instance involving ABA decompartmentation (Slovik and Hartung, 1992) .
Although precise mechanisms are not fully understood, the combined effects of temperature, evaporative demand, and soil water deficit can be synthesized in a relatively simple way (Fig. 7, A and B) : (a) At a given T, , LER cannot exceed a maximum value (LER,,,, Fig. 7A) , which was observed both in growth-chamber experiments with low evaporative demand and in field experiments during the night (Ben Haj Salah and Tardieu, 1995) . (b) Even in the absence of a soil water deficit, evaporative demand, as evaluated by meristem-to-air VPD, affected LER, causing a reduction that was proportional to V P D (reduction 1, Fig.  7 ). (c) In the absence of evaporative demand (nighttime), an increase in [ABA],,, caused a reduction in LER with a linear relationship that applied for both exogenous and endogenous ABA (Fig. 6A ). This effect of [ABA] ,,, alone is represented in Figure 78 V P D for three ranges of [ABA],,,. This analysis yielded parallel regression lines, suggesting that the ABA effect was superimposed onto the effect of evaporative demand without an appreciable interaction between the effects of [ABA],,, and evaporative demand (insignificant differences in slope in a covariance analysis). The effect of ABA alone would therefore be the same during the day and night, and would correspond to the regression line in Figure 6A . This suggests that the effects of [ABA],,, and of evaporative demand should be added, although we could expect that they should be multiplied if JABA into the shoots accounted for the effect of evaporative demand, or that reduction in LER due to ABA should be modulated by V P D if sensitivity to [ABA] ,,, depended on V P D or on leaf water status. The three relationships presented in Figure 7 (effects of T, , direct effect of evaporative demand as evaluated by meristem-to-air V P D , and effect of [ABA],,,) allowed simulation of the time courses of LER presented in Figures 2  and 4 (not shown). They could also acceptably simulate LER of our whole set of data (r = 0.77) collected in growth chamber, greenhouse, and field experiments presented in this paper and in two earlier papers (Ben Haj Salah and Tardieu, 1995, 1996) .
